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Transient Disorder: Calcineurin as an Example
Trevor P. Creamer, Tori B. Dunlap, Erik C. Cook.
University of Kentucky, Lexington, KY, USA.
How intrinsically disordered proteins and intrinsically disordered regions
evade degradation by the cellular machinery evolved to recognize unfolded
and misfolded chains remains a vexing question. One potential means by
which this can occur is that the disorder is transient in nature. That is, the
disordered state exists just long enough for it to be bound by a partner
biomolecule and fold. Calcineurin (CaN) possesses a regulatory domain
that appears to to be transiently disordered. Despite its transient nature,
this disordered state is essential for activation of this enzyme. CaN is a
highly-conserved, heterodimeric Ser/Thr phosphatase that plays vital roles
in memory development and retention, cardiac growth, and immune system
activation. Alterations in the regulation of CaN contributes to disorders
such as Alzheimer’s disease, Down syndrome, autoimmune disorders and
cardiac hypertrophy. At low calcium levels the 95 residue regulatory domain
in CaN appears to be folded. As levels rise, the CaN B chain binds calcium
and undergoes a conformational change that releases the regulatory domain
into a disordered state. The subsequent binding of CaM to CaN results in
the regulatory domain folding. Folding of the regulatory domain in turn
causes an autoinhibitory domain located C-terminal to the regulatory
domain to be ejected from CaN’s active site. The transient disordered state
of the regulatory domain is an essential intermediate state in the process of
activation.
Platform: Membrane Pumps, Transporters, and
Exchangers II
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Transport Pathway in CuD P-Type ATPases
Magnus Andersson1, Daniel Mattle2, Oleg Sitsel2, Anna Marie Nielsen2,
Erik Lindahl1, Stephen H. White3, Poul Nissen2, Pontus Gourdon2.
1KTH Royal Institute of Technology, Solna, Sweden, 2Aarhus University,
Aarhus, Denmark, 3University of California Irvine, Irvine, CA, USA.
Cellular copper levels are carefully controlled to avoid toxic free copper
while maintaining integrity of enzymatic copper centers. PIB-type ATPases
transport Cuþ ions across membranes with high specificity. Here, we use a
range of molecular dynamics (MD) simulation techniques in combination
with enzymatic assays and x-ray crystallography to determine the copper-
transport pathway mediated by a Cuþ transporting P-type ATPase (CopA).
The simulation data provide insight into transport energetics and accompa-Figure 1: The simulated energetics associated
with copper release.nying side-chain interac-
tions that would be hard
to observe experimentally.
We also observed a unique
mode of ion transport,
where the dephosphory-
lation event was not obli-
gatory coupled to the
structural rearrangements
that produce an occluded
intermediate state. Hence,
the generalized reaction
scheme based on PII-type
ATPases, such as SERCA,
might not apply to all
P-type ATPases.
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Somatic Mutations in the Na,K-ATPase Can Cause Hypertension
Hanne Poulsen1, Elena Azizan2, Poul Nissen1, Morris Brown2.
1University of Aarhus, Aarhus C, Denmark, 2University of Cambridge,
Cambridge, United Kingdom.
Conn’s syndrome, which accounts for at least 5% of hypertension cases, is
caused by aldosterone-producing adenomas (APAs) of the adrenal gland that
are highly prone to somatic mutations(1,2). From exome sequencing of ten
APAs from the zona glomerulosa (ZG), we identified four with mutations in
ATP1A1 encoding the a1-subunit of the Naþ/Kþ-ATPase(3).
Expression of the most frequent mutation in ZG APAs, L104R ATP1A1, in
Xenopus oocytes not only abrogated active ion transport, but allowed a signif-
icant inward current at physiological levels of Naþ and Kþ. Naþ and Hþ can
both leak, while Kþ at high concentrations acts as a non-conducting partial in-hibitor. The three other ATP1A1 mutations found in APAs caused inward leak-
ing currents under physiological conditions as well. Inward leaking is expected
to depolarize ZG cells, causing opening of voltage-gated Ca2þ channels and
increased aldosterone production in response to the rising cytoplasmic Ca2þ
levels.
The L104 is completely conserved in Naþ,Kþ-ATPases as well as in the closely
related Ca2þ-ATPases SERCA and PMCA. The residue is situated one helical
turn above a kink in the middle of transmembrane helix 1, and is only 4A˚ from a
key ion binding residue. Recently, it was discovered in SERCA that a 12A˚
sliding of M1 relative to M4 creates an opening within the membrane towards
the the ion-accepting sites in the E1 conformation(4).
Small ZG APAs with somatic mutations may thus prove to constitute a novel
group of curable hypertension, and we can structurally and functionally explain
why the mutations causes APAs.
1 Choi et al., Science, 2011.
2 Beuschlein et al., Nature Genetics, 2013.
3 Azizan, Poulsen et al., Nature Genetics, 2013.
4 Winther, Bublitz et al., Nature, 2013.
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Glutathionylation of the b1 Subunit Prevents the E1Na3 to E2P Forward
Reaction in the NaD, KD ATPase
Alvaro Garcia1, Chia-Chi Liu1, Ronald Clarke2, Helge Rasmussen1.
1Kolling Institute of Medical Research, University of Sydney, St Leonards,
Australia, 2Dept of Chemistry, University of Sydney, St Leonards, Australia.
Exposure of voltage clamped cardiomyocytes to receptor-coupled oxidant sig-
nalling has been associated with a decrease in electrogenic Naþ, Kþ pump cur-
rent activity vattributed to glutathionylation of the pump’s b1 subunit. The
mechanism by which glutathionylation, a reversible oxidative modification,
affects turnover is not understood. We investigated the effect of b1 subunit glu-
tathionylation on the E1Na3 / E2P forward reaction using the fluorescent
probe anthryl-ouabain (AO) that binds to E2P species.
We induced glutathionylation in Naþ, Kþ ATPase enriched pig kidney mem-
brane fragments by exposure to the chemical oxidant peroxynitrite. The Naþ,
Kþ ATPase was stabilised in the E1Na3 poise by incubation in 100 mM
NaCl and 20 mM Histidine. Glutathionylation of the b1 subunit was confirmed
by immunoblotting techniques. MgATP was added to initiate the E1Na3/
E2P conversion and the E2P species was detected by the binding of AO. Addi-
tion of MgATP induced an increase in AO fluorescence indicative of a shift to
E2P. The increase in fluorescence was blocked by the exposure to peroxynitrite.
When glutathionylation was reversed by exposure to glutaredoxin 1, confirmed
by the immublotting technique, the shift to E2P was restored as indicated by
AO fluorescence.
In an independent series of experiments we utilised baseline glutathionyla-
tion of a fraction of the Naþ, Kþ ATPase that is detectable without exposure
to oxidants. We followed the E1Na3 / E2P conversion with RH421 fluo-
rescence. As expected, addition of MgATP markedly increased fluorescence.
We added 2.5 mM dithiothreitol (DTT) to rapidly reverse glutathionylation.
This further increased RH421 fluorescence indictating that DTT made
additional Naþ, Kþ ATPase available to undergo the E1Na3 / E2P
conversion.
We conclude that glutathionylation of the b1 subunit blocks the forward E1Na3
/ E2P reaction.
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Discovery of Enzyme Modulators via High-Throughput Time-Resolved
FRET in Living Cells
Simon J. Gruber1, Razvan L. Cornea1, Kurt C. Peterson2,
Gregory D. Gillispie1,2, Seth L. Robia3, David D. Thomas1.
1Biochemistry, Molecular Biology and Biophysics, University of Minnesota,
Minneapolis, MN, USA, 2Fluorescence Innovations, Inc., Minneapolis, MN,
USA, 3Cell and Molecular Phisiology, Loyola University, Maywood, IL,
USA.
We have used a ‘‘2-color’’ SERCA (sarco/endo-plasmic reticulum calcium
ATPase) biosensor and a high-throughput fluorescence lifetime plate-reader
(FLT-PR) to develop a high-precision live-cell assay designed to screen for
small molecules that perturb SERCA structure. We used a construct derived
from canine cardiac SERCA, in which red fluorescent protein (RFP) was
fused to the N terminus and green fluorescent protein (GFP) to an interior
loop. This 2-color SERCA was stably expressed in HEK-GnTI- cells, a strain
that can be grown in monolayers or in suspension, as needed for automated
transfer to multiwell plates. Fluorescence resonance energy transfer (FRET)
was measured from GFP to RFP using the FLT-PR, which increases precision
by a factor of 30 over a conventional intensity-based plate-reader, without
428a Tuesday, February 18, 2014sacrificing throughput. FRET was highly sensitive to both known activators
and inhibitors of SERCA. We screened a small (1280-compound) chemical
library and identified nine compounds that significantly affect 2-color
SERCA FLT. Three of these compounds affected FRET in a dose-
dependent manner, and all three were found to inhibit SERCA function.
Two of the hits were known SERCA inhibitors and the third was novel
(Gruber et al., J. Biol. Screen, in press). This assay is being extended to
several human isoforms of SERCA, for therapeutic applications to heart
failure, muscular dystrophy, diabetes, and cancer. This assay is ready for a
large-scale HTS campaign, and is adaptable to numerous protein targets.
Spectroscopy was performed in the Biophysical Spectroscopy Center at the
University of Minnesota, with assistance from Fluorescence Innovations,
Inc. (Greg Gillispie, President). This work was funded by NIH grants to
DDT (R01 GM27906, P30 AR0507220), to SJG (AHA 13PRE13230005),
and to SLR (R01 HL106189).
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Molecular Basis for Sodium Versus Calcium Binding in the Sodium-
Calcium Exchanger
Fabrizio Marinelli, Jose´ D. Faraldo-Go´mez.
Theoretical Molecular Biophysics section, National Heart, Lung, and Blood
Institute, Bethesda, MD, USA.
Naþ/Ca2þ exchangers (NCX) and potassium-dependent Naþ/Ca2þ ex-
changers (NCKX) are two related families of transporters involved in Ca2þ
signaling that function by extruding cytosolic Ca2þ (and Kþ in NCKX) in
exchange for extracellular Naþ. Previous studies have established that this
exchange process is electrogenic and with a 3Naþ:1Ca2þ stoichiometry,
and have identified specific acidic amino acids believed to be crucial for
ion binding and translocation. Recently the crystal structure of the NCX
from Methanococcus jannaschii was determined at 1.9 A˚ resolution,
revealing an intriguing transmembrane topology consisting of inverted struc-
tural repeats, and the presence of four putative ion binding sites formed by
highly conserved residues. Notwithstanding these groundbreaking insights,
based on the structure alone several ion occupancy states can be hypo-
thesized that would be compatible with the experimental exchange stoi-
chiometry. Here, we use extensive molecular simulations, free energy
calculations and mutational analysis to investigate the occupancy and spec-
ificity of the ion binding sites in NCX_Mj. The results permit us to identify
a 3Naþ bound configuration that is both compatible with the X-ray structure
and ranked as the most probable from a thermodynamic standpoint. In addi-
tion, two putative Ca2þ bound configurations are identified that reconcile
anomalous scattering data due to Ca2þ with an alternative X-ray structure
with Cd2þ bound. On the basis of these ion configurations, we investigate
the mechanism of alternating-access in this exchanger, and explore the mo-
lecular events that trigger the conformational transition between inward- and
outward-facing states.
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Structure of Trimeric Calcium/Proton Antiporter Protein YfkE Reveals
the Mechanisms of Calcium Efflux and its pH Regulation
Lei Zheng.
University of Texas Houston Medical School, Houston, TX, USA.
Ca2þ efflux by Ca2þ cation antiporter (CaCA) proteins is important to main-
tain Ca2þ homeostasis across the cell membrane in all kingdoms of life.
CaCA proteins extrude Ca2þ out of the cells by utilizing a counter electro-
chemical gradient of other cations such as Naþ or Hþ as energy. To under-
stand Ca2þ/cation exchange mechanism, we determined crystal structure of
the Ca2þ/Hþ antiporter protein YfkE from Bacillus subtilis at 3.1 A˚ resolu-
tion. YfkE forms a homotrimer confirmed by disulfide crosslinking, and
each protomer contains 11 transmembrane helices. The protonated state of
YfkE is locked in an inward-facing conformation with a large hydrophilic
cavity in each protomer opening to the cytoplasm and ending in the middle
of the membrane at the Ca2þ binding site, whereas a hydrophobic "seal"
closes its periplasmic exit. Two highly conserved helices, TMs 2 & 7,
kink toward each other, forming a X-like Ca2þ translocation pathway,
which is blocked by a histidine residue at the Ca2þ binding site. Our struc-
tural and functional analyses suggest that Ca2þ/Hþ alternating access on
each side of the membrane induces the rotation of the kink angles of
TMs 2 and 7 and the transition between inward- and outward-facing confor-
mations is mediated by large conformational changes of TMs 1 and 6. These
studies not only establish structural bases for the novel mechanisms for
Ca2þ efflux and its pH regulation, but also shed light on the evolutionary
adaptation of different energy modes, Naþ vs. Hþ, in the CaCA protein
family.2166-Plat
Functional Reconstitution of the Mitochondrial Ca2D/HD Antiporter
Letm1
Ming-Feng Tsai, Christopher Miller.
Brandeis University, waltham, MA, USA.
The Letm1 (leucine zipper-, EF hand-containing transmembrane protein 1)
gene encodes a mitochondrial inner membrane protein, whose depletion
severely perturbs mitochondrial Ca2þ and Kþ homeostasis. Here we expressed,
purified, and reconstituted human Letm1 protein in liposomes. Using Ca2þ flu-
orophore and 45Ca2þ based assays, we demonstrate directly that Letm1 is a
Ca2þ transporter, with apparent affinities of cations in the sequence of Ca2þ
zMn2þ > Gd3þz La3þ > Sr2þ >> Ba2þ, Mg2þ, Kþ, Naþ. Kinetic analysis
yields a Letm1 turnover rate of 2 Ca2þ/s and Km of ~25 mM. Further experi-
ments show that Letm1 mediates electroneutral 1 Ca2þ/2 Hþ antiport. Letm1
is insensitive to ruthenium red (RR), an inhibitor of the mitochondrial calcium
uniporter (MCU), and CGP-37157, an inhibitor of the mitochondrial Naþ/Ca2þ
exchanger. Functional properties of Letm1 described here are remarkably
similar to those of the Hþ-dependent Ca2þ transport mechanism identified in
intact mitochondria.
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Folding and Association of Human Uncoupling Protein-1 in Biological
Membranes: Evidence for Multimeric Functional Forms
Tuan Hoang1,2, Matthew David Smith1,2, Masoud Jelokhani-Niaraki1,2.
1University of Guelph, Guelph, ON, Canada, 2Wilfrid Laurier University,
Waterloo, ON, Canada.
Human uncoupling protein-1 (UCP1) is highly expressed in the inner mito-
chondrial membrane of brown adipose tissue (BAT). The physiologically
important proton transport function of UCP1 is tightly linked to its vital
thermogenic role, which has been shown to reduce obesity and improve in-
sulin sensitivity. Nevertheless, the structure and mechanism of ion transport
for UCP1 are not fully understood. In this study, using the auto-induction
method, we have successfully expressed UCP1 in E. coli membranes in
high yield. Folding and ion transport of UCP1, extracted from bacterial
membranes, were studied after its reconstitution into lipid bilayers. The
self-assembly of UCP1 into tetramers in lipid membranes was verified for
the first time by circular dichroism and fluorescence spectroscopy, and
semi-native gel electrophoresis. UCP1 tetramers in different phospholipid
vesicles exhibited highly helical structures, as well as proton transport
that was activated by fatty acids and inhibited by purine nucleotides. In
addition, the mitochondrial lipid cardiolipin modulated both folding and
ion transport function of UCP1 tetramers. Overall, the existence of func-
tional oligomeric forms of UCP1 in the lipid membranes, found in this
study, provides important implications for understanding the structure and
proton transport mechanism of this protein in BAT, as well as structure-
function relationships of other mammalian UCPs in other tissues. Common
structural and functional features of human UCPs were explored in our pre-
vious studies(1).
1. Hoang, T., Smith, M. D., and Jelokhani-Niaraki, M. 2012. Toward under-
standing the mechanism of ion transport activity of neuronal uncoupling pro-
teins UCP2, UCP4, and UCP5. Biochemistry 51: 4004-4014.
Platform: Protein-Nucleic Acid Interactions II
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Probing Physical Properties of a DNA-Protein Complex Using Nanofluidic
Channels
Karolin Frykholm1, Mohammadreza Alizadehheidari1, Joachim Fritzsche1,
Jens Wigenius1, Philip Nevin2, Joshua Araya2, Penny Beuning2,
Mauro Modesti3, Fredrik Persson4, Fredrik Westerlund1.
1Chalmers University of Technology, Gothenburg, Sweden, 2Northeastern
University, Boston, MA, USA, 3Universite´ Aix-Marseille, Marseille, France,
4Uppsala University, Uppsala, Sweden.
Nanofluidic channels have become an important tool to investigate single DNA
molecules both from a fundamental polymer physics perspective as well as in
e.g. optical mapping techniques. However, less effort has been made to study
DNA-protein complexes. A main reason is that the extreme surface-to-
volume ratio in the nanochannels causes most proteins to stick to the channel
walls. We have recently overcome this problem by coating the channels with
a lipid bilayer, thereby eliminating sticking.
RecA is an evolutionary conserved protein involved in homologous recombina-
tion and DNA repair, for which it forms helical filaments on single-stranded
(ss) DNA in presence of ATP. In vitro RecA-DNA filaments can be formed
